This paper presents a recent characterization of the thrust efficiency and specific impulse of a low power, linear-geometry (non-coaxial) Hall thruster with an open electron-drift current. The thruster was constructed with a boron-nitride insulating channel surrounded by a magnetic circuit served by four electromagnet coils, and was designed to operate in the 100-Watt power class. A survey of the thruster operation demonstrated promising performance (7= 2.1 mN, rj = 14.6%, I sp = 1070 sec) in the very low power range (< SOW). The thruster showed poor long-term stability at these operating conditions that demanded extremely high magnetic fields (~1.6kG). Operation at lower magnetic field strengths (-300 -400G) and therefore lower discharge power (<50W), allowed for continuous operation for extended durations, and permitted laser-induced fluorescence measurements of the ion velocities across and downstream of the linear exit channel. Velocities in excess of 3 km/s were measured at the discharge exit, and 8 km/s approximately 1.5 cm downstream of the discharge exit plane, consistent with measurements reported on for a similar co-axial discharge. The near exit-plane velocities were found to be somewhat sensitive to the xenon mass flow servicing the oversized hollow cathode, confirming the possible interferences that the cathode flow may have on the ion beam development in the near exit region as a result of possible charge-exchange collisions.
I. INTRODUCTION
Hall thrusters have been considered for use in satellite propulsion in the U.S. and former Soviet Union since the 1960's [1, 2] . In a Hall thruster discharge, a lowpressure discharge is sustained within a dielectric channel in crossed electric and magnetic fields. Electrons emitted from a cathode external to the channel, or created by the ionization processes, drift along the channel towards the anode located at the channel base. The anode also serves as the source of neutral propellant (typically xenon). The transverse magnetic field is designed to be a maximum near the channel exit, and in this region, the electrons become highly magnetized. In the conventional co-axial configuration, the electrons are constrained to move in the azimuthal direction of the closed E x B drift, with crossfield migration providing the necessary electron current to sustain the discharge. A co-axial geometry allows for a "closed" electron drift in the Hall direction, and uninterrupted Hall current although there is no evidence that such a closed electron drift current is an absolute requirement for efficient thruster performance.
In this paper, we present a continued study of the performance of a low-power linear-geometry Hall thruster that has an open electron drift [3] [4] [5] . The linear thruster was scaled in size to operate at a power level that is 10-15% that of co-axial discharges built and tested in our laboratory in previous years [6, 7] . In previous reports [4, 5] , we compared the electrical discharge characteristics to those of co-axial thrusters. Here, we present recent measurements of thrust, specific impulse, and thrust efficiency, as well as preliminary laser induced fluorescence (LIF) measurements of ion velocities in the near exit-plane region.
II. EXPERIMENTS

A. Vacuum Test Facilities
The thrust measurements were made while the linear Hall thruster was operated in Chamber 2 of the AFRL Electric Propulsion Laboratory located at Edwards AFB, CA. Chamber 2 consists of a 2.4 meter diameter by 3 meter long mild steel chamber. The chamber is pumped by two baffled 50 cm oil diffusion pumps with a total pumping speed of approximately 3,000 1/s on xenon and a base pressure less than 10" 6 Torr. The propellant flow system consisted of two Unit Instruments Model 8160 mass flow controllers. After the performance testing, the mass flow controllers were calibrated in the laboratory using a constant pressure fluid displacement method. The uncertainty of these measurements is believed to be less than ±1.5%.
The laser induced fluorescence measurements were made while the discharge operated in the Stanford high vacuum test facility, which has been discussed extensively elsewhere [8, 9] . It consists of a non-magnetic stainless steel tank approximately 1 m in diameter and 1.5 m in length. The Stanford facility is pumped by two 50-cm diffusion pumps, backed by a 425 1/s mechanical pump. The base pressure of the facility is approximately 10"a xenon gas pumping speed of around 2000 l/s. At the Stanford facility, the propellant flow to the thruster anode and cathode is controlled by two Unit Instruments 1200 series mass flow controllers factory calibrated for xenon.
B. Linear Hall Discharge
The design of the linear Hall thruster studied here is based on the scaling of a co-axial reference thruster recently built by our laboratory and operated at a nominal power of 400-700W [6, 7] . A scaling factor of £=0.1 was used in accordance with the scaling laws presented in Refs. 4 and 5, although the performance of the magnetic circuit precluded the use of a channel depth that was onetenth the depth of the reference coaxial discharge. The channel depth deviated from strict scaling laws in order to reduce the magnetic field strength at the anode, and hence the anode fall losses. A schematic of the linear-geometry thruster is shown in Fig.l , and a photograph of the thruster outside of the vacuum chamber is shown in Fig.2 .
The magnetic circuit includes four 90-mm long electromagnet windings consisting of a 9.5 mm diameter core of commercially pure iron with 6 layers of 22 gauge insulated copper magnet wire. The magnetic bottom plate is 3-mm thick silicon steel, whereas the magnetic top plate is 1.5-mm thick silicon steel. The discharge channel was fabricated in two versions, one constructed of high purity alumina ceramic and the other of boron nitride. The anode is a 1.6-mm diameter stainless steel tube with 14 propellant holes, 0.2-mm in diameter spaced by 1.6-mm.
Measurements of the transverse component of the magnetic field show that the magnetic field near the anode is 23% of the peak value, which is located about 2 mm upstream of the channel exit. At a winding current of 1.25 A, the field has a peak value of 1500 G at room temperature but drops to less then 1400 G with a 100°C temperature rise. This is significant in that the temperature of the acceleration channel has been measured to be as high as 440° C by embedded thermocouples during operation in the thruster fabricated out of boron nitride [5] .
The cathode used to neutralize the ion beam and support the necessary electric field is an Ion Tech. Inc. HCN-252 hollow cathode. It is capable of supplying a maximum current of 5 A at xenon flow rates of 0.1 to 0.5 mg/s. It is mounted in front of the thruster such that the hollow cathode exit is 1 cm above the exit of the channel. The cathode is the exact same unit used in the higher power thrusters, and the flow rate used here is comparable to the flow rate through the thruster itself (2 seem). We expect that the near exit plane xenon density due to the cathode flow will have a negative effect on the discharge performance. However, because the neutral gas density in this low power discharge is about a factor of 5-10 times that in the higher power prototype, the effect is expected to be no greater here than in the higher power version. No attempt at designing and fabricating an appropriatelyscaled cathode has been made, although the future development of low-power (<50W) Hall thrusters will rely on such a development.
The background pressure during discharge operation at a xenon flow rate of 2.3 mg/s is typically 10~4 Torr. Although this pressure is an order of magnitude lower than that of Janes and Lowder [1] , it is still considerably higher than chamber pressures that are generally acceptable for the collection of accelerator performance data. The ingestion of background gas near the exit of the discharge channel may influence the discharge characteristics, as discussed below.
B. Thrust Measurements
The thrust stand used in these measurements has been described elsewhere [10] . It consists of a torsional-type thrust stand originally designed to measure the impulse bits of Pulsed Plasma Thrusters (PPT). It consists of swinging arm structure free to rotate about the vertical axis. The thruster is mounted on the arm, at a given radial distance from the center of rotation. The thrust axis is therefore tangent to the rotary motion of the arm. The rotary motion is opposed by a linear torsional restoring force. For measurements of constant thrust devices, the thrust is proportional to the rotary displacement. In this case, the displacement is measured by use of an LVDT. Calibration of the thrust stand was accomplished by hanging various weights of known mass from the rotary arm at the thruster location. During each of the thruster performance measurements, thrust stand thermal drift was minimized by performing a calibration immediately before and after each measurement.
C. Preliminary LIF Measurements
A complete description of the theory and experimental setup for laser-induced fluorescence is given in Refs. 8,9. Xenon ions (singly charged) were probed via the 5d [4] 7/2 -6p[3] 5/2 ion transition at 834.7 nm. This transition was chosen for this study based on our previous experience with ion velocity measurements with Hall thrusters [8, 9] . Since the isotopic and nuclear spin splitting constants of this transition are not fully known, the ion temperature cannot be measured accurately, and so no attempt is made here, to extract the random thermal energy component of the LIF signal. An advantage of using this particular transition for LIF velocimetry is the ability to perform nonresonant fluorescence collection. The strong line at 541.9 nm that originates from the same upper state but terminates on a different lower electronic state, is used to collect the laser-induced fluorescence. A Coherent 899-21 Ti: Sapphire Ring laser pumped by a Coherent Verdi 5-W Nd: YAG produces narrowband tunable laser radiation centered at 834.7 nm. The laser wavelength is monitored with a Burleigh Instruments W A-1000 scanning Michaelson interferometer wavemeter. The laser probe beam is focused into the plume of the linear Hall thruster, and the fluorescence is collected at a right angle to the excitation. The collected light is imaged onto the entrance slit of a monochromater, which is used as a narrow band filter for the 541.9 nm transition. The only difference between this experimental strategy employed here and that described in Ref. 9 is the scan time needed to collect the LIF signal with a reasonable signal to noise ratio. The LIF signal is much stronger with the linear thruster (owing to the expected higher species densities [4] ) and as a result, a shorter integration time and scan time is needed to capture the lineshape. However, because of the strong oscillator strengths of this transition, it was difficult to obtain lineshapes that are not broadened due to partial saturation of the transition. These partially saturated lineshapes are not problematic for measuring velocity, but further prohibit the accurate determination of the ion temperature.
III. RESULTS AND ANALYSIS
A. Performance Characterization
Tests were performed at the AFRL for a range of mass flow rates, discharge voltage, and magnetic fields, as summarized in Table 1 below. In general, thrust efficiencies (cathode not considered), varied from 7 -14%, which is quite respectable for a discharge power in the 75-200 W range, considering that this is a first prototype and not optimized yet for performance. Efficiencies seem to improve slightly for increased magnetic field (all other parameters constant), but decreased when mass flow to the anode was increased (at a constant voltage and magnetic field), as expected. The variation in the thrust, specific impulse, and thrust (anode) efficiency is plotted verses the overall variation in The highest efficiency realized was 14%, obtained for the lowest overall discharge power studied (76W). At this operating condition, the mass flow rate through the anode was at the lowest range studied, suggesting that the propellant utilization was at its highest level. The specific impulse achieved at this operating condition was nearly 1100 s, comparable to that seen in co-axial geometry thrusters, while at a modest operating voltage of only 150V. Despite the preliminary nature of these design and performance studies, the initial results obtained are quite encouraging, and warrant further research into these new types of Hall discharges.
B. Ion Velocity Measurements
As mentioned above, because of the relatively long integration times needed for the LIF studies, it was necessary to operate the discharge at lower magnetic field strengths for extended duration, to avoid heating of the magnetic circuit. It was observed that operating the discharge at the higher solenoid winding current (>0.25A) for extended duration needed for the LIF studies eventually led to discharge extinction, likely to be caused by a failure in the solenoid winding insulation. A new discharge with improved magnetic circuit design has been constructed and operated for extended time, but performance results were not yet available at the time of the preparation of this paper. The results of operating this second-generation linear Hall discharge will be presented at the conference.
The laser fluorescence velocimetry studies were performed at conditions given in Table II , below. Fig. 6 shows the ion velocity profile at the exit plane for conditions where the only property changed is the mass flow through the oversized cathode. Note that these data were taken along the centerline of the 25 mm long channel. While the velocities are comparable to those measured at the exit plane of a coaxial Hall thruster [8] , it is noteworthy that the LIF probing of the exit plane clearly shows that the cathode flow has a significant effect on the performance -a higher cathode flow rate results in a higher discharge current, most likely due to an increase in electron conductivity across the magnetic field. While this results in a higher overall discharge power, the LIF measurements show that the ion velocity is in fact reduced. This reduction in ion velocity, presumably due to an altering of the potential distribution within the channel, will result in an overall decreased specific impulse. It is also noteworthy that both profiles show indicate that the ion velocities are higher near the top of the channel where the cathode is located. geometry Hall thruster also shows evidence of acceleration well beyond the exit of the discharge channel, and also beyond the geometric position of the cathode itself.
IV. SUMMARY
This paper presents a continued study of the operation characteristics and performance of a lineargeometry Hall thruster with an open electron drift. Measurements of thrust, specific impulse, and thrust efficiencies, while lower than higher power coaxial geometry thrusters, are well within the level of performance expected for a first prototype thruster of such low power and small scales. An unusually high efficiency (14%) is achieved at powers as low as about 75W, resulting in a specific impulse approaching 1100s. This level of performance was not expected for such unusual discharge geometry, suggesting that this thruster is governed by the same physics as its coaxial counterpart. Measurements of ion velocities in the near exit region indicate that the ions are accelerated
